A monopole-antenna technique is adopted for the measurement of the dielectric parameters of ascorbic acid and trypsin of various concentrations in water. The method is standardised by performing measurements on liquids of known dielectric parameters. It is found that the method works satisfactorily in the frequency range 400-1200 MHz if a suitable choice of antenna probe diameter is made. A dielectric dispersion is observed which is attributed to the presence of bound water. It is suggested that the method might be successfully adopted on other biological liquids.
Introduction
The microwave dielectric measurement of non-polar solutions or solid materials has been studied fairly well by a number of investigators (Daag and Ressor 1972 , Rosenberg et a1 1982 , Birbaum and Franeu 1949 , Aruna and Behari 1981 . However, the data for polar molecules in aqueous solutions seem to be rather sparse. The dielectric dispersion up to 100 MHz has been examined in some protein solutions (Grant et a1 1971) . The difference between polar and non-polar molecules lies in the fact that in polar dielectrics individual molecules possess a dipole moment in the absence of any applied electric field, whereas in non-polar dielectrics polarisation occurs solely as a result of an induced dipole moment. For a non-polar dielectric, polarisation decays in a very short time (of the order of S); it has very little dielectric absorption and the loss tangent is of the order of
The small absorptions are due to the presence of temporary collision-induced dipoles. The polarisation relaxes not by dipole rotation but by the changing configuration of the molecular encounters which have given rise to it. Recent interest in dielectric studies of polar molecles also lies in the examination of the behaviour of biological tissues, because it has been reported that diseased tissues have different dielectric values from healthy tissues (Joines 1984 ). This provides an impetus for the search of new techniques which could be applied to aqueous polar solutions and biological tissues.
By measuring the normalised input impedance at the interface of an infinite sample, the dielectric constants of lossy media can be estimated. This method has been successfully applied by many authors to the determination of the dielectric constants of high lossy biological samples (Stuchly et a1 1978) . However, the shortcoming of this method is that it needs a large quantity of sample which can effectively absorb all incident microwave energies incident upon it. Again, for solid samples, sample preparation becomes tedious. For broad-band frequency measurements, coaxial-line methods are most suitable, because these TEM lines can support radiofrequencies from very low values up to more than 10 GHz. However, methods based on resonant techniques are not suitable for high-loss liquids because the resonance peak is so broad that the (1982) which is capable of dielectric measurements in high lossy substances. It has been shown that the method is most accurate when the capacitance of the line in air is given by [wZ,,(e"+ E ' '~)~'~] " where E ' and E " are the relative dielectric constant and loss factor of the terminating medium, respectively. Consequently, a particular probe cannot be used as a sensor for a wide frequency range and different testing materials. Again, the ratio of the capacitances of the fringing field inside and outside the line is a useful parameter for determining the dielectric constants and can only be determined empirically from samples of known dielectric constants. In most of the cases the test samples for calibration differ so much in their dielectric properties that for a particular sensor the optimum capacitance condition is not completely fulfilled. It has been shown by Kaszewski et a1 (1983) that for a jump of 0.05 dB during the calibration there is as much as 23% uncertainty in e" (especially below 5 GHz). Tedious modified automated network analyser calibration is needed (Kaszewski et a1 1983) in order to improve the system accuracy. Considering these difficulties we have chosen a monopole-antenna technique (Burdette et a1 1980) . The method is simple, flexible and accurate. We do not qeed any additional measurements for fringing capacitances in this case and the analysis can be easily handled. The method is applicable for in uiuo tissues as well as high-lossy liquids over quite a good range of frequencies. The concept of the measurement technique is derived from antenna modelling theory (Deschamps 1962) . A short antenna has been used as a probe and its terminal impedance is determined analytically using a network analyser (HP 8754A). From the impedance value the real and imaginary parts of the dielectric constant are calculated.
In the present case, the dielectric dispersion was studied for trypsin and ascorbic acid at two different concentrations, each within 400-1200 MHz. Ascorbic acid, the y-lactone of a hexonic acid, and trypsin, a protease, are chosen for our investigation because both of these enzymes, though present in trace quantities in living systems, play a vital role in the development and maintenance of the organism.
A possible molecular interpretation has been discussed in the light of 'bound water' relaxation (Grant et a1 1968) . Under certain simplifying conditions, the amount of bound water molecules attached to the protein molecules is estimated. The dielectric behaviour of bound water in the presence of ascorbic acid and trypsin is also studied. It has been shown (Schwan 1965 ) that the relaxation frequency for bound water falls in the region 100-1000 MHz. We have conducted our experiments in the range 400-1200 MHz. It is hoped that this will enable us to estimate the amount of water bound to macromolecules from the dielectric behaviour of the solutions. The bound water plays an imporiant role in determining the structure and properties of macromolecules in aqueous solution (Grant et a1 1978, Berendsen and Migchelsen 1965) . Again, frequencies between 300 and 1000 MHz (especially 914 MHz) can be applied to therapeutic purposes.
Use of these frequencies will provide additional facilities, such as (i) increased penetration and (ii) less severe standing waves in the media of interest (Schwan 1984, Schwan and Piersol 1954) .
Theoretical basis
The dependence of the input impedance of any antenna on the properties of the surrounding medium is particularly simple when the antenna is made of perfect conductors and is fed from a region which is small in terms of the operating wavelength. It can then be obtained from antenna modelling theory (Deschamps 1962) . Thus the terminal impedance of the antenna in a dielectric medium ( E * ) is related to that of the free-space value by the relation
( 1) where 77 = ( F~/ E * ) ' /~ is the complex intrinsic impedance of the dielectric medium and v0 = ( p o / E~) "~ is the complex intrinsic impedance of free space.
The theory assumes that the probe's radiation field is contained completely within the medium. If the radius of the monopole is appreciable, the vector potential can be determined by considering the electric field of the cylindrical antenna. After rigorous calculations (Grant et a1 1968) , the input impedance can be determined by evaluating the input current at the origin.
If the radiation from the antenna is considered, the input impedance of the antenna becomes (Wolff 1966 
where R,( K l ) and X ( K l ) are the radiation resistance and imaginary part of the input impedance, respectively; these are known functions (Tai 1961) . The terminal impedance of the short monopole antenna (less than A/10) can then be approximated as
where l is the length of the monopole antenna. Thus L can be replaced by L = 21 and K = W/C, where W is the angular frequency and c is the velocity of electromagnetic waves in free space. The relation thus reduces to the terminal impedance of the short antenna Z( W , .so) = Am2+ (jcw)"; A and C are constants determined from the physical geometry of the antenna using the above expression.
The complex terminal impedance of the antenna in a lossy medium E * can be obtained using antenna modelling theory. Here E * = ~~( 1 -j tan S) where E ' is the relative dielectric constant of the medium under study; tan S = E~/ E ' where is the relative loss factor. When the probe field is completely within the dielectric medium, the impedance relation turns out to be
Expressing Z by R + jX, we can separate the real and imaginary parts:
At low frequency, both of the second terms in the expressions for R and X are negligible compared with the respective first terms. Dividing the first expression in (4) by the second (at low frequency), we have tan S = R/X. Putting = U', the expression reduces to (Burdette et al 1980) {Aw2 
Using the low-frequency value of S, obtained above, the above equations can be solved for U, and hence E ' , by allowing iterations about its low-frequency value until both the equations are satisfied simultaneously. We have used the Newton-Raphson method to solve the above equations on a computer.
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Design of the monopole conjguration
The limited experimental data available for a monopole antenna fed from a conventional coaxial transmission line (King and South 1981) suggest that a dielectric discontinuity at the plane of the junction will affect the admittance to a degree that is less than the accuracy of most of the measurements. The measured admittance will, however, change with the ratio b / a of the radii of the conductors of the transmission line; the nature of the change will depend on the electrical properties of the medium surrounding the antenna. Another way to alter the antenna impedance is, obviously, by changing its length. When the probe length decreases, the configuration approaches that of open-ended coaxial lines. The analysis of an open-ended coaxial line is also approximately applicable to our probes (figure 1) because the probe lengths are very short (Stuchly et a1 1980) . The terminating medium offers some capacitance which actually affects the uncertainty of our measurements. The uncertainty in determining the permittivity results from the .uncertainty in the modulus and phase of the reflection coefficient obtained from direct measurement. From the specifications of our network analyser, the uncertainties in the modulus and phase of the reflection coefficients are approximately the same. Under this condition, following the analysis of an open-ended coaxial line (Stuchly et a1 1974) we can say that in this case also there is an optimum value of capacitance CO which assures a minimum uncertainty in determining the permittivity. For a material of certain E ' and F " at frequency f, this capitance CO will be approximately CO = [ w Z o ( E " + E "~) " ' ] " . Thus, for conductive materials in the radio and microwave frequency range between 1 MHz and 1 GHz, our method is applicable within certain limits of conductivity. This limitation results from the fact that the capacitance of the sample ranges from 0.1-20 pF due to relatively large uncertainties in the capacitance outside this region (Rzepecka and Stuchly 1975) . One way to obtain maximum sensitivity is to match our antennas with the test capacitance offered by the terminating medium. This can be achieved by changing the ratio b / a of the radii of the conductors of the terminating line and/or changing the length of the monopole antenna. Again the terminal impedance of the short monopole antenna can be expressed by Z ( w , E~) = A w 2 + ( j C w ) " only when the antenna length 1s A/10. To keep the whole electromagnetic field within the medium of finite dimensions, the radiation resistance of the antenna should be very small so that only the fringing field is present. The radiation resistance is a function of the length of the centre conductor of the probe. It has been shown (Harrington 1961 ) that, for a small-diameter coaxial line whose impedance is 50 0, the power radiated from a short monopole antenna ( A / 10 or less) approaches zero; therefore only the fringing field from the monopole penetrates into the medium.
From the above considerations, we find that to obtain the optimum design of the probe we have to adjust its length and simultaneously change the ratio of the radii of the conductors of the terminating line so that the impedance of the supporting coaxial line becomes 50s1. A restriction on the length of the antenna is that it must be less than or equal to A/10. We have designed a number of monopoles with different a l l values from sections of 50 0 coaxial line. Here a denotes the radius and l is the length of the monopole antenna. The antennas are tested in different testing media, such as water, methanol, glycerol and 0.1 N saline solution, whose dielectric constants are known fairly well in this frequency range. The most consistent results are obtained with probe dimensions a l l = 0.072 (900-1300 MHz) and a / l = 0.364 (400-800 MHz). The values of a in these two cases are 0.27 and 1.1 mm, respectively. The sample volume required in performing the experiment is only 2 cm3.
The probes are all fabricated from sections of 50s1 semirigid coaxial lines whose centre conductors are extended. The outer conductor is attached to the end of an SMA connector. The teflon dielectric material and inner conductor are then reassembled. This avoids undue heating of the teflon sheet. The centre conductor acts as the centre pin of the connector. Before assembly, the components are flashed with nickel and are silver plated to avoid chemical reaction of the sample with the probe, as well as to minimise electrode polarisation.
Measurement system
The measurement system consists of a network analyser (HP 8754 A) and transmissionreflection test set up (HP 8502 A) as key components (figure 1). Amplitude and phase differences between the incident and reflected signals from the monopole antenna are measured. The complex terminal impedance is estimated using standard formulae.
Materials and methods
The network analyser is calibrated at its reference plane by a vector calibration method (da Silva and Mephun 1978) . This is a computer correction for one-port measurements. In our case calibration is made using standards such as short circuits, an offset short circuit and a matched load.
We repeat the calibration measurement each time the frequency or sample is changed or whenever a coaxial connector is disturbed. The probe is inserted into the sample, so that the ground plane touches the liquid surface. The amplitude and phase data are input into a computer program to ascertain directly the real dielectric constant and loss factor. The technique is standardised by taking measurements in water, 0.1 N saline solution, glycerol and methano! whose dielectric constants are known to fair certainty. Measurements are made in aqueous solutions of ascorbic acid and trypsin at two different concentrations each. All the measurements are carried out at 15 "C.
Results and discussion
Figures 2 and 3 show the dielectric parameters for water, 0.1 N saline, glycerol and methanol. It is found that the relative dielectric constant remains almost constant in the range under study. As expected, the loss factor increases with frequency. Our results seem to be in fairly good agreement with the results reported by other workers, which are plotted for comparison (Buckley and Maryott 1958) . This comparison provides support for our method. Two different probe sizes are used to attempt to measure the dielectric parameters in the frequency range 400-1200 MHz, as mentioned above. The most consistent data so obtained are presented in figures 2-5. Figures 4 and 5 show the corresponding parameters for trypsin and ascorbic acid at two different concentrations. It is observed that the dielectric constant decreases with increasing frequency. In order to obtain information about the behaviour of the solutes in water, we will have to calculate from E ' and E" the following parameters for each dispersion: relaxation wavelength A, (or relaxation frequency A), the dielectric constants, E, and E,, at the low-and high-frequency ends of dispersion, respectively, and a, a measure of spread of the relaxation times. Since it turns out (Masszi 1972) that bound water in a gelatine solution relaxes in the frequency region 100-1300 MHz, in our case the values of E, and E, are chosen below and above 300 and 1300 MHz respectively. To obtain all the parameters, a range of values of A, and a are initially calculated by a set of values of E ' and E" in the equation (Grant et al 1957) It has been suggested (Grant er a1 1968) that, as the dispersion S lies between the p and y regions, its molecular origin is connected with the relaxation of molecules having an activation free energy of rotation between those or protein and free water. It is therefore suggested that dispersion may be due to the relaxation of bound water which is bonded to a protein molecule. with greater strength than the water-water bonding which exists in pure water (Grant er a1 1971 ). An estmation of the hydration has been made by assuming the mixture theory given by Fricke (1924) . When the volume concentration of the solute is small, the formula can be written as E ' -= K~( E , -E~) ; e2 and E , correspond to the solute and solvent dielectric permeability, The maximum standard deviation in the computed result for different sets of observations is *g%.
respectively. K is the shape factor which depends on the shape of the protein molecules (prolate or oblate), usually in the range from 1.0-1.8 for all proteins. Estimation procedures follow from Grant et a1 (1968) . The most consistent results are obtained when K = 1.4 and 1.6. The hydration values W (the mass of bound water divided by the mass of protein) for these are reported in table 2. There is more hydration in our case than with bovine serum, albumin of concentration 7.0 g dl", reported by Grant et a1 (1968) . The variations of the permittivity of bound water ( E L ) with frequency for ascorbic acid and trypsin are shown in table 3 (at one concentration each). For K = 1.4 and above, we find that the value of E ; is higher than that of ordinary water. This is because the dielectric constant of an associated liquid depends not only on the molecular weight but also on local molecular interactions.
It has been pointed out by Schwan (1957) that the polar side chain can relax in this frequency range also. It should be mentioned that ascorbic acid is a closed structure and has no polar side chain. Thus, at least in this case, bound water is the only factor contributing to the relaxation of the protein solution in this frequency range. Es ist zu erwarten, daB die Methode bei anderen biologischen Fliissigkeiten auch erfolgreich angewendet werden kann.
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